This Letter presents experimental confirmation of the presence of zonal flows in magnetically confined toroidal plasma using an advanced diagnostic system -dual heavy ion beam probes. The simultaneous observation of an electric field at two distant toroidal locations (1:5 m apart) in the high temperature (1 keV) plasma provides a fluctuation spectrum of electric field (or flow), a spatiotemporal structure of the zonal flows (characteristic radial length of 1:5 cm and lifetime of 1:5 ms), their long-range correlation with toroidal symmetry n 0, and the difference in the zonal flow amplitude with and without a transport barrier. These constitute essential elements of turbulence-zonal flow systems, and illustrate one of the fundamental processes of structure formation in nature. Zonal flows-azimuthally symmetric bandlike shear flows-are ubiquitous phenomena in the Universe [1] [2] [3] ; examples include Jovian belts and zones, the terrestrial atmospheric jet stream, the super-rotation of the Venusian atmosphere, and the rotation profile of the solar tachocline. Zonal flows have been expected to be present in magnetically confined toroidal plasmas [4] since the characteristics of drift wave turbulence in the plasmas are analogous to Rossby wave turbulence to cause the phenomena in the rotating planets. Recently, their crucial role in determining the turbulent level and resultant transport has been widely recognized, and the identification of the zonal flows becomes an urgent issue in the fusion research to enhance the prospect of plasma burning in the International Thermonuclear Experimental Reactor [5] [6] [7] .
Zonal flows-azimuthally symmetric bandlike shear flows-are ubiquitous phenomena in the Universe [1] [2] [3] ; examples include Jovian belts and zones, the terrestrial atmospheric jet stream, the super-rotation of the Venusian atmosphere, and the rotation profile of the solar tachocline. Zonal flows have been expected to be present in magnetically confined toroidal plasmas [4] since the characteristics of drift wave turbulence in the plasmas are analogous to Rossby wave turbulence to cause the phenomena in the rotating planets. Recently, their crucial role in determining the turbulent level and resultant transport has been widely recognized, and the identification of the zonal flows becomes an urgent issue in the fusion research to enhance the prospect of plasma burning in the International Thermonuclear Experimental Reactor [5] [6] [7] .
In toroidal plasmas, the zonal flows emerge in electric field fluctuation symmetric m n 0 on magnetic flux surface with finite radial wave numbers (see for review, e.g., [8, 9] ). Two major branches of zonal flows are expected in magnetic confined toroidal plasmas, i.e., a residual flow of nearly zero frequency, and an oscillatory flow termed geodesic acoustic modes (GAMs) [10, 11] . These zonal flows are driven exclusively by nonlinear interactions (or inverse cascade) through energy transfer from the microscopic drift waves. Inversely, the zonal flows regulate the drift wave turbulence and resultant transports. The time-varying E B shearing of zonal flows, similar to the mean flows [12] , has a significant effect on plasma turbulence and transport.
Direct nonlinear simulations have, in fact, confirmed the appearance of and generation processes for zonal flows [13] [14] [15] [16] [17] [18] [19] [20] , and their essential role in turbulence and transport of toroidal plasmas. In experiments, however, only indirect signs have been obtained for zonal flows and their role in confinement. Coherent oscillations presumed to be GAMs were detected in measurements with a heavy ion beam probe (HIBP) [21, 22] , with traditional probes [23, 24] , and with beam emission spectroscopy using a modified time-delayed-estimation analysis technique [25] . Bicoherence analysis showed an increase in nonlinear interaction between zonal flows and turbulence during L-to-H transition, suggesting a role of turbulent Reynolds stress in zonal flow generation [26, 27] . In this Letter, we describe a direct identification of zonal flows in a toroidal plasma with their fundamental characteristics.
The stage of our experiments is a helical device (stellarator), named compact helical system (CHS), with the major and averaged minor radii being R 1 m and a 0:2 m, respectively. The target plasma is produced with electron cyclotron resonance heating of 200 kW, for avoiding magnetohydrodynamics behavior that may interfere with the zonal flow detection. The plasma parameters are magnetic field strength B 0:88 T, density n e ' 5 10 12 cm ÿ3 , electron temperature T e ' 1 keV, ion temperature T i ' 0:1 keV, ion Larmor radius i 0:1 cm, time scale of microinstabilities ! 50 kHz with k ? i 0:3, and energy confinement time E 2:5 ms (or the characteristic frequency ÿ1 E =2 0:1 kHz). The potential and density fluctuations of the CHS plasma are measured with two HIBPs [28] . In our case, accelerated cesium beams of a singly ionized state are injected into the plasma. Doubly ionized beams produced through electron impact collisions in the plasma are detected with an energy analyzer. The energy difference between the injected and detected beams corresponds to the plasma potential at the ionization point. The fluctuation in detected beam intensity brings information of local density fluctuation at the ionization point, although the signal is contaminated with density fluctuation along beam orbit to some extent according to the operational condition. VOLUME 93, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S week ending 15 OCTOBER 2004 As is shown in Fig. 1(a) , the HIBPs are located apart from each other by approximately 90 in a toroidal direction. Each of them is capable of measuring three adjacent positions in the plasma. Two calculations of electric field (or potential difference), in ÿ in ctr and out ÿ ctr out , can be made from potentials at three channels denoted as in , ctr , and out . The radial electric field can be estimated from the quotient of the potential difference by the sample volume distance; E =r eff where r eff means the distance between magnetic flux surfaces on which the centers of gravity of the sample volumes lie. The necessary cesium beam energy is 70 keV for the experimental condition.
Figure 1(b) shows overall characteristics of power spectra in potential difference. The measured radial position is r obs 12 0:5 cm or two-thirds of the plasma minor radius. A spectrum is evaluated as an ensemble average for a stationary period of 80 ms in a discharge duration of 100 ms. The elements are calculated using the fast Fourier transform (FFT) technique for sequential windows taken from the stationary period.
The solid red line in Fig. 1 (b) shows a shot-averaged spectrum of potential difference from an HIBP, r 2 , with a frequency resolution of 0:24 kHz (i.e., a window contains 2 11 data points). The sampling rate of 2 s gives the Nyquist frequency of 250 kHz. The spectrum is significantly above the noise level in a wide range of frequency. Another shot-averaged spectrum (the dashed red line) is calculated with a high frequency resolution of 0:06 kHz to see the tendency in the lower frequency of f & 0:4 kHz by taking longer FFT windows of 2 13 data points (but poorer statistics). It is found that the power spectrum should reach a maximum at f 0:3-0:7 kHz.
As is represented by the blue line, the fluctuation in this low frequency range shows a high coherence (0:6) between two toroidal locations. The coherence is analyzed with the low frequency resolution for better statistics; the coherence can become closer to one in an appropriate period of a single shot. Figure 1(c) shows an example of the phase difference (divided by ) when the observation points are located on a flux surface. The phase difference is regarded as zero within the present error bars, and clearly shows the toroidally symmetric structure of n 0; the toroidal structure of n 1 should give the phase shift of =2 in our diagnostics geometry. Consequently, the activity of potential difference in this frequency range, demonstrating a long distance correlation, is the zonal flow of concern.
A sharp peak is found at f 16:5 kHz with a width of 1 kHz. Figure 1(d) shows an expanded view around the peak. The theoretically expected GAM frequency is c s =2R 17 kHz in this experimental condition, with c s being the ion sound velocity. Poorer signal-to-noise ratio of the other HIBP signal cannot allow further inspection of the long-range correlation of this mode at present. On the other hand, the spectrum around f 50 kHz shows turbulent characteristics of a broad peak with the half width of 18:5 1:4 kHz. The power of residual zonal flow decays as P / f ÿ0:6 in the intermediate range of frequency toward the regime of turbulence waves which may generate the zonal flows.
Dynamics of electric field of the residual zonal flow can be visualized with a numerical filter to extract the corresponding frequency activity. The numerical filter used here is described asxt R t1 tÿ1 wt ÿ t 0 xt 0 dt 0 , where
The time constant for high frequency cutoff is selected as f 0:3 ms here. The extremely low frequency is also removed to avoid the effects of plasma movement or changes in plasma parameters using the filter with f 1 ms. The resultant filter property has a peak around 0.5 kHz with the width of 1 kHz in the frequency domain. Figure 2 shows two examples of processed potential difference . One is the time evolution of the potential difference at the points localized on the same magnetic flux surface [ Fig. 2(a) ]. The others are on slightly The waveforms without any phase shift in Fig. 2 (a) clearly demonstrate the toroidal symmetry (n 0) of electric field fluctuation. The fact is also circumstantial evidence to support the poloidal symmetry m 0 as follows. By tracing the magnetic field line, an observation point of an HIBP can be projected onto the poloidal cross section in which another observation point of the other is located. The electric field fluctuations at these two points with a finite poloidal angle should be in phase if one assumes that electric field fluctuations are coherent on a magnetic field line. This consideration verifies the poloidal symmetry in the range of the poloidal angle approximately from 30 (r 4 cm) to 50 (r 12 cm), since the existence of toroidal symmetry in the zonal flow activity
The measurements of phase difference hint a possibility to infer a radial structure of the residual zonal flow by altering the observed position of potential difference, r 2 , while fixing the other at r 1 . The phase between electric fields at two locations can be deduced from traditional correlation coefficient and the FFT analysis of coherence and phase. The correlation between the potential differences, Cr 1 ;r 2 
tÿT dt. Figure 3 shows the correlation coefficient (closed circles) as a function of the observation position r 2 . The plotted values are the ensemble averages of the correlation coefficients for time windows in stationary states.
The open circles in Fig. 3 show the other indicators to reflect the structure, that is, h cosi f (an average of the frequencies in the range of 0:5 < f < 1 kHz), where and are the coherence and phase difference in the FFT analysis. Both analyses demonstrate a sinusoidally changing structure. In the latter case, a Fourier transformation on cos curves of individual frequencies allows us to give an averaged wavelength of 1:6 0:2 cm. This corresponds to approximately 15 times ion Lamour radius and shorter than one-tenth of plasma minor radius. The wave number allows one to give a rough estimation of the shearing rate of the zonal flow being as ! EB k rẼ =B 0:3 10 5 s ÿ1 , while the turbulence decorrelation rate could be turb 1:2 10 5 s ÿ1 from the width of the broadband spectrum around 50 kHz.
Besides, a prospective result has been obtained to indicate the relation between zonal flow and confinement. A clear difference is recognized between the amplitude of the zonal flow among cases with and without a transport barrier. Figure 4 shows an example of a change in zonal flow amplitude before and after a back transition; here the internal transport barrier (ITB) [29] decays with the back transition, and potential profiles before and after the transition are shown as insets. In the transition, the mean value of radial electric field is changed from 8 to 1 kV=m. After the back transition happens, the zonal flow amplitude decreases, simultaneously with an increase in the density fluctuation amplitude (on the barrier foot point, 0:3 0:05) in the frequency range of more than f 2 kHz. This observation-the ITB characterized by stronger zonal flow-suggests an interplay between zonal flow and turbulence fluctuation. Finally, we have described the dual HIBP measurements to show the presence of the zonal flows and their fundamental characteristics in a toroidal plasma. Our discovery of the zonal flows gives a basic insight into plasma and rotating fluid transport. Plasmas in laboratory provide opportunities to study nonlinear processes, between turbulence and zonal flow, playing an essential role in structural formation in the Universe.
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